The structures, energetics, and infrared (IR) spectra of the cationic monomethylamine-water clusters, [(CH 3 NH 2 )(H 2 O) n ] + (n=1−5), have been studied using quantum chemical calculations at the MP2/6-311+G(2d,p) level. The results reveal that the formation of protontransferred CH 2 NH 3 + ion core structure is preferred via the intramolecular proton transfer from the methyl group to the nitrogen atom and the water molecules act as the acceptor for the O· · · HN hydrogen bonds with the positively charged NH 3 + moiety of CH 2 NH 3 + , whose motif is retained in the larger clusters. The CH 3 NH 2 + ion core structure is predicted to be less energetically favorable. Vibrational frequencies of CH stretches, hydrogen-bonded and free NH stretches, and hydrogen-bonded OH stretches in the calculated IR spectra of the CH 2 NH 3 + and CH 3 NH 2 + type structures are different from each other, which would afford the sensitive probes for fundamental understanding of hydrogen bonding networks generated from the radiation-induced chemical processes in the [(CH 3 NH 2 )(H 2 O) n ] + complexes.
I. INTRODUCTION
The strong hydrogen bonding networks in the watercontaining complexes play important roles in the nucleation and growth of atmospheric nanoparticles [1] . The ubiquitous presence of methylamines (monomethylamine (MMA), dimethylamine (DMA), and trimethylamine (TMA)) has been found in the atmosphere [2] . Because of the substitution by one or more organic functional groups, methylamines have stronger basicity than ammonia and often participate in the formation and transformation of atmospheric aerosols [2] [3] [4] . For instance, the MMA has been found to be about 25−100 times more effective in enhancing sulfuric acidwater nucleation than ammonia [5] . Microwave spectroscopy of the TMA-water complex revealed the formation of a strong HOH· · · N(CH 3 ) 3 hydrogen bond, in which the water molecule internally rotates around the symmetry axis of TMA [6] . Theoretical studies of the interaction between the methylamine molecules and † Part of The special topic on "The 3rd Asian Workshop on Molecular Spectroscopy". ‡ These authors contributed equally to this work. * Author to whom correspondence should be addressed. E-mail: ljiang@dicp.ac.cn one or two water molecules indicated that the water molecules act as the donor for the formation of the OH· · · N hydrogen bonds [7] . A closed ring with four hydrogen-bonded H 2 O molecules was observed in the (TMA) 2 (H 2 O) 4 clusters [8] .
The study on the hydrogen bonding networks in the cationic complexes generated from the radiationinduced chemical processes is of fundamental importance in many fields, such as interstellar and atmospheric chemistry, and nuclear reactors [9] . Gas-phase cluster studies provide detailed structural, energetic, and spectroscopic information that is difficult to extract from the condense-phase measurement [10] [11] [12] [13] [14] . For example, the infrared photodissociation (IRPD) spectroscopy of the (H 2 O) n + clusters has demonstrated that the formation of H 3 O + ion core is preferred with water and the OH radical is separated from H 3 O + by at least one water molecule in the n≥5 clusters [15] [16] [17] [18] . IRPD spectroscopic and theoretical studies of the cationic (DMA) n + clusters have revealed that the proton-transferred (CH 3 ) 2 NH 2 + ion core is formed via the intermolecular proton transfer from the NH group to the nitrogen atom and the [(CH 3 ) 2 N] radical is separated from the (CH 3 ) 2 NH 2 + ion core by one DMA molecule at n=4−6 and by two or more DMA molecules in the larger clusters [19] . For the cationic (TMA) n + clusters, the formation of the charge-shared (hemibon-DOI:10.1063/1674-0068/cjcp1905103 ded) N· · · N type (TMA) 2 + ion core was identified [20] . The MMA molecule has one polar NH 2 group and one nonpolar CH 3 group, which affords a model system for studying the hydrogen bonding networks in the radiation-induced chemical processes and the mechanism of proton transfer. So far, much less efforts have been made for the study of the monomethylamine-water complexes, [(CH 3 NH 2 )(H 2 O) n ] + . Herein, we report a theoretical study of the structures, energetics, and infrared spectra of [(CH 3 NH 2 )(H 2 O) n ] + via a cluster model. It has been found that the formation of protontransferred CH 2 NH 3 + ion core structure is preferred via the intramolecular proton transfer from the methyl group to the nitrogen atom and the water molecules act as the acceptor for the O· · · HN hydrogen bonds with the positively charged NH 3 + moiety of the CH 2 NH 3 + ion core. This feature is different from the neutral CH 3 NH 2 -H 2 O clusters [6] [7] [8] . The present findings suggest the general trends in the motif of hydrogen bonding networks of the monomethylamine-water complexes.
II. THEORETICAL METHODS
All calculations were carried out using the MP2 method with a basis set of 6-311+G(2d,p) implemented in the Gaussian 09 package [21] . Tight convergence of the optimization and the self-consistent field procedures was imposed, and an ultrafine grid was used. Relative energies, dissociation energies, and energy barriers included the zero-point vibrational energies. Harmonic vibrational frequencies were calculated with analytical second derivatives of energy. A scaled factor of 0.9566 was used for harmonic vibrational frequencies [22] . The resulting stick spectra were convoluted by a Gaussian line shape function with a full width at half-maximum line width of 6 cm −1 .
III. RESULTS AND DISCUSSION

A. Optimized structures
The optimized structures of the [(CH 3 NH 2 )(H 2 O) n ] + (n=1−5) clusters are shown in FIG. 1. In the lowestenergy isomer of the n=1 cluster (labeled 1-I), the water molecule acts as an acceptor to form an O· · · HN hydrogen bond with the NH 3 moiety of CH 2 NH 3 + , in which the CH 2 NH 3 + ion core is formed via the intramolecular proton transfer from the methyl group to the nitrogen atom. In the 1-I isomer, the Mulliken charge on the C atom, H 2 O, CH 2 , and NH 3 moiety are −0.12, 0.01, 0.25, and 0.74, respectively, indicating that the NH 3 moiety is the most positively charged. The bond distance of C−N and O· · · HN hydrogen bonds are 1.46 and 1.66Å, respectively. Isomer 1-II consists of a CH 3 NH 2 + ion core, in which the CH 3 NH 2 and water molecules are held together by an O· · · HN hydrogen bond. Isomer 1-II lies 13.1 kJ/mol higher in energy than isomer 1-I. In the 1-II isomer, the Mulliken charge on the C atom, H 2 O, CH 3 , and NH 2 moiety is −0.26, 0.01, 0.32, and 0.67, respectively. The bond distance of C−N and O· · · HN hydrogen bonds in isomer 1-II is 1.43 and 1.62Å, respectively.
In the lowest-energy isomer for FIG. 1 , each water molecule forms an O· · · HN hydrogen bond with the proton-transferred CH 2 NH 3 + ion core. In the isomer 2-II (+12.2 kJ/mol), the two water molecules fill the NH 2 + moiety of the CH 3 NH 2 + ion core. In the lowest-energy structure for two other water molecules, forming a four-membered hydrogen bonding network with the CH 2 NH 3 + ion core. In the isomer 4-II (+25.5 kJ/mol), the position of the fourth water molecule is symmetry-equivalent to that of the third water molecule. In the 5-I structure for [(CH 3 NH 2 )(H 2 O) 5 ] + , the fifth water molecule extends the water-water hydrogen bonding network with the four-membered ring and forms a second solvation layer. The isomer 5-II (+31.7 kJ/mol) consists of a fourmembered hydrogen bonding network, in which the oxygen atoms of the two water molecules act as the hydrogen bond donors to the hydrogen atoms of the NH 2 and CH 3 groups of the CH 3 NH 2 + ion core.
B. IR spectra
FIG. 2 shows the calculated IR spectra of the [(CH 3 NH 2 )(H 2 O) n ] + (n=1−5) clusters in the spectra range of 2400−3900 cm −1 . Vibrational frequencies of isomers n-I and n-II and band assignments are listed in Table I .
The calculated IR spectrum of isomer 1-I shows four main absorption features labeled A, B, C, and E in FIG. 2. The peak at 2824 cm −1 (labeled A, highlighted in red in FIG. 2) is due to the hydrogen-bonded NH stretch of the CH 2 NH 3 + ion core (Table I) . The peaks at 3086 and 3240 cm −1 (labeled B, shown in black in FIG. 2) are attributed to the CH symmetric and antisymmetric stretches of the CH 2 group of the CH 2 NH 3 + ion core. The peaks at 3262 and 3346 cm −1 (labeled C, highlighted in magenta in FIG. 2) are attributed to the free NH symmetric and antisymmetric stretches of the NH 3 group in the CH 2 NH 3 + ion core. The peaks at 3632 and 3733 cm −1 (labeled E, highlighted in blue in FIG. 2) are attributed to the free OH symmetric and antisymmetric stretches of the water molecule. In the calculated IR spectrum of isomer 1-II, band A is predicted at 2802 cm −1 , showing a redshift of 22 cm −1 as compared to isomer 1-I; band B shows a triplet splitting at 2892, 2974, and 3087 cm −1 for the CH symmetric and antisymmetric stretches of the CH 3 group in the CH 3 NH 2 + ion core; band C appears as a single peak at 3405 cm −1 for the free NH stretch of the CH 3 NH 2 + ion core; band E is calculated at 3633 and 3735 cm −1 .
In the calculated IR spectrum of isomer 2-I, band A shows a doublet splitting at 2971 and 2996 cm −1 for the hydrogen-bonded NH stretches of the CH 2 NH 3 + ion core; the CH symmetric and antisymmetric stretches of the CH 2 group are calculated at 3088 and 3239 cm −1 , respectively, which are very similar to the positions in isomer 1-I (3086 and 3240 cm −1 ); one free NH stretch appears at 3290 cm −1 ; the two free OH symmetric and antisymmetric stretches of the water molecules are predicted at 3638 and 3742 cm −1 , respectively. In the calculated IR spectrum of isomer 2-II, the positions of bands A and E are similar to those of isomer 2-I; the free NH stretch disappears because of the full solvation of the NH 2 + moiety by the water molecules, showing obvious difference from the calculated IR spectrum of isomer 2-I.
In the calculated IR spectrum of isomer 3-I, band
A shows a triplet splitting at 3010, 3074, and 3102 cm −1 for the hydrogen-bonded NH stretches of the CH 2 NH 3 + ion core; the CH symmetric and anti- symmetric stretches of the CH 2 group are calculated at 3092 and 3237 cm −1 , respectively; the free NH stretch disappears due to the full solvation of the NH 3 + moiety by the water molecules; the two free OH symmetric and antisymmetric stretches of the water molecules are predicted at 3643 and 3748 cm −1 , respectively. In the calculated IR spectrum of isomer 3-II, band A appears at 2760 and 3081 cm −1 ; the positions of bands B and E are similar to those of isomer 2-II; a new feature is observed at 3342 cm −1 (labeled D, highlighted in green in FIG. 2) , which is attributed to the hydrogen-bonded OH stretch of the water molecule.
As compared to the calculated IR spectrum of isomer 3-I, the hydrogen-bonded OH stretching vibraitonal mode starts to appear in isomer 4-I (band D, 3528 and 3546 cm −1 ) because of the formation of water-water hydrogen bond. The calculated IR spectrum of isomer 4-II is very similar to that of isomer 3-II, except that the separation of the two peaks of band A (46 cm −1 ) is much smaller than that in isomer 3-II (321 cm −1 ). As shown in FIG. 1 , the number of the hydrogen-bonded O−H bonds in 5-I and 5-II is three, resulting in three vibrational peaks for band D (FIG. 2) .
C. General trend
Two types of structure are obtained for each cationic monomethylamine-water cluster (FIG. 1) . The first type is the proton-transferred CH 2 NH 3 + ion core type structure (labeled n-I), which is the most stable motif in the [(CH 3 NH 2 )(H 2 O) n ] + clusters studied here. The next energetically higher motif consists of the CH 3 NH 2 + ion core type structure (labeled n-II). The isomerization barrier from 1-II to 1-I and from 2-II to 2-I is calculated to be 154.1 and 155.8 kJ/mol at the MP2/6-311+G(2d,p) level, respectively. These results suggest the formation of proton-transferred CH 2 NH 3 + ion core structure is preferred via the intramolecular proton transfer from the methyl group to the nitrogen atom and the water molecules act as the acceptor to form the O· · · HN hydrogen bonds with the positively charged NH 3 + moiety of CH 2 NH 3 + . Note that the barrier for the isomerization from the CH 3 NH 2 + type structure to the CH 2 NH 3 + type one is not low, the CH 3 NH 2 + type structure could be kinetically trapped prior to its rearrangement to the lower energy species. High energy isomers have been observed experimentally in several cluster systems [23, 24] . In contrast, the water molecules act as the donor for the formation of OH· · · N hydrogen bonds with the NH 2 group of CH 3 NH 2 in the neutral CH 3 NH 2 -H 2 O clusters [7] , which is different from the hydrogen bonding network in the cationic
The lowest dissociation energy for the loss of one water molecule for isomer n-I of [(CH 3 NH 2 )(H 2 O) n ] + (n=1−5) is calculated to be 94.2, 66.5, 58.0, 48.5, and 44.6 kJ/mol at the MP2/6-311+G(d,p) level (Table II) , respectively. While the internally cold [(CH 3 NH 2 )(H 2 O) n ] + species is formed, the absorption of at least 3, 2, 2, 2, and 2 photons at 3000 cm −1 is required to overcome the dissociation limit for n=1−5 (Table II) , respectively. Considering that the CH stretch, the free/hydrogen-bonded NH stretch, and the free/hydrogen-bonded OH stretch have been measured in the IRPD spectra of methylamine, ammonia, water, and protonated trimethylamine-water clusters [19, 20, [25] [26] [27] , the predicted IR spectra for the [(CH 3 NH 2 )(H 2 O) n ] + (n=1−5) clusters could be measured by the IRPD technique using optical parametric oscillator/optical parametric amplifier (OPO/OPA) table-top laser system or infrared free electron laser (IR-FEL) source.
For band A, the number of the hydrogen-bonded NH stretching vibrational peaks is three in the n-I isomers (n=3−5), whereas it is two in the n-II isomers (n=3−5) ion core type), whereas three peaks are obtained in the n-II structures (CH 3 NH 2 + ion core type). The number of the free NH stretching vibrational peaks (band C) is two and one for the 1-I and 1-II isomers, respectively; the 2-I isomer yields one peak for band C, whereas the 2-II isomer and the larger clusters do not show the feature of the free NH stretch. Band D firstly appears in the 3-II isomer. Band E is similar in the n-I and n-II isomers. Thus, the features of band A−D in the calculated IR spectra of the CH 2 NH 3 + and CH 3 NH 2 + type structures for [(CH 3 NH 2 )(H 2 O) n ] + are different from each other, which would afford the sensitive probes for the structural identification by comparing the calculated IR spectra with the experimental IRPD spectra. These findings would have important implications for molecular-level understanding of the hydrogen bonding networks in the [(CH 3 NH 2 )(H 2 O) n ] + complexes.
IV. CONCLUSION
The trends in the stepsize formation of hydrogen bonding networks in the cationic monomethylaminewater clusters, [(CH 3 NH 2 )(H 2 O) n ] + , were studied using quantum chemical calculations. The results indicate that the most stable structures of the nominal [(CH 3 NH 2 )(H 2 O) n ] + clusters could be regarded as the proton-transferred CH 2 NH 3 + -(H 2 O) n motifs, which involve the intramolecular proton transfer from the methyl group to the nitrogen atom. The CH 3 NH 2 + ion core structures are predicted to be less energetically favorable. Calculated infrared spectra suggest that the CH stretching, hydrogen-bonded and free NH stretching, and hydrogen-bonded OH stretching vibrational modes would afford the sensitive probes for the structural identification. IR spectra for the [(CH 3 NH 2 )(H 2 O) n ] + clusters could be measured by the infrared photodissociation spectroscopic technique and thus provide a fundamental understanding of the early stage of hydrogen bonding networks in the [(CH 3 NH 2 )(H 2 O) n ] + clusters.
